In this paper, the adsorption behavior of plasma proteins on the surface of ZnO thin films prepared by radio frequency (RF) sputtering under different sputtering powers was studied. The microstructures and surface properties of the ZnO thin films were investigated by x-ray diffraction (XRD), scanning electron microscopy (SEM), UV-visible optical absorption spectroscopy and contact angle techniques. The results show that the ZnO thin films have better orientation of the (0 0 2) peak with increasing RF power, especially at around 160 W, and the optical band gap of the ZnO films varies from 3.2 to 3.4 eV. The contact angle test carried out by the sessile drop technique denoted a hydrophobic surface of the ZnO films, and the surface energy and adhesive work of the ZnO thin films decreased with increasing sputtering power. The amounts of human fibrinogen (HFG) and human serum albumin (HSA) adsorbing on the ZnO films and reference samples were determined by using enzyme-linked immunosorbent assay (ELISA). The results show that fewer plasma proteins and a smaller HFG/HSA ratio adsorb on the ZnO thin films' surface.
Introduction
With the advancement of organ transplantation, biocompatibility, particularly blood compatibility, becomes the most important evaluation criterion for biomedical materials.
One of the main problems associated with the long-term use of blood-contacting medical devices is surface-induced thrombosis [1] . It is desirable to develop new biomaterials with good physical and mechanical properties, and hemocompatibility. The emphases of blood-compatible materials research are laid on two aspects: one is the band and electron structure, and the other is the surface properties of the biomedical materials. It is believed that plasma proteins play an important role in thrombus formation. Furthermore, 3 Author to whom any correspondence should be addressed. the adsorption of human fibrinogen (HFG) and that of human serum albumin (HSA) are two primary factors related to hemocoagulation. When fibrinogen adsorbs to the biomaterial surface, it transforms to fibrin [2, 3] , and then cross-links to form a thrombus. The first step after blood contacting with the biomaterial is to adhere a layer of protein, so it is necessary to study the adsorption of plasma proteins to the biomaterial surface.
There are many methods to research on protein adsorption. Xu et al [4] used atomic force microscopy (AFM) to measure the adhesion force between proteins and low-density polyethylene surfaces. Mansur et al [5] measured the amount of protein adsorption by Fourier transform infrared spectroscopy (FTIR) and UV-visible spectroscopy. Using the appropriate modeling, the HSA/HFG surface concentration ratio was derived by spectroscopic ellipsometry (SE) [6, 7] . The enzyme-linked immunosorbent assay (ELISA) technique has been widely used in clinical and experimental studies for the quantification of protein adsorption. Because of its low cost and easy laboratory execution, this biochemical assay has wide potential for application in animal and human health [8] [9] [10] .
In our previous paper [11] , we introduced ZnO thin films as blood-compatible material and acquired good hemcompatibility in the test of platelet adhesion. In this paper, we further try to achieve a deeper understanding of the adsorption behavior involved in blood-biomaterial interaction by investigating the relationships between plasma proteins adsorbed to the surface of ZnO thin films and the surface characteristics of ZnO thin films, such as microstructure and surface wettability.
Materials and methods

Preparation of ZnO thin films
Compared to other methods, magnetron sputtering is a preferred method to synthesize ZnO thin films because magnetron sputtering can be operated at comparatively lower preparation temperature and is propitious to surface modification of biomaterials [12] . In this study, a radio frequency (RF) magnetron sputtering system was used to deposit ZnO thin films and a diamond-like carbon film (DLC) (as a reference sample) on a Si (1 0 0) wafer and quartz substrates. The quartz substrates were used to prepare the samples for measurements of optical absorption. All the substrates were placed parallel to the ZnO ceramic (99.99% purity) or graphite target surface with the substrate to target distance of 7 cm. The substrates were chemically and ultrasonically treated by ethanol and acetone to remove grease and organic contaminations. The background pressure was less than 3 × 10 −3 Pa in the reactor chamber. Argon was filled into the plasma chamber sequentially with the working pressure of 4 Pa. The ZnO thin films were prepared at different RF powers of 50, 100, 130, 160 and 190 W for a fixed deposition time of 15 min, and the thicknesses of the ZnO thin films were 140, 407, 500, 620 and 680 nm, respectively. The RF power and deposition time were 200 W and 1.5 h, respectively, for depositing the DLC film. The thickness of the DLC film was about 830 nm.
Characterization of ZnO films
An x-ray diffractometer (XRD, D/MAX 2200 VPC, RIGAKU, Japan) and a scanning electron microscope (SEM, QUANTA 400F) were employed to characterize the microstructure and surface topography of the ZnO thin films. Optical transmittance measurements of the ZnO thin films were carried out by means of a double-beam UV-visible spectrophotometer (UV-2501) in the wavelength range of 300-1000 nm in comparison with an uncoated quartz substrate at the reference beam to eliminate the contribution of the substrate. We can acquire the curve of absorbance α based on the Lambert law. The optical gap values of the ZnO thin films were determined by the Tauc relationship from the absorption spectra. The contact angle was first tested by a contact angle goniometer (SL2008). The wettability behavior and surface energy were determined from the contact angle tests, in which two kinds of ultra-pure liquid drops, distilled water and formamide, were used and five drops of each liquid were placed at different locations to obtain statistical averages.
Adsorption behavior of plasma proteins
The adsorption behavior of plasma proteins was investigated by ELISA. All the plasma proteins were bought from Beijing Boaosen Biotechnology Ltd. Goat anti-human fibrinogen antibody and HSA were labeled with horseradish peroxidase. In our tests, polyurethane (PU), glass and DLC films were used as reference samples. PU, widely used in clinical application [13] , was selected as a negative reference due to its better hemocompatibility, and glass was used as a positive reference due to its poor hemocompatibility. DLC films were also much investigated in the blood contact biomedical field [14] . All the samples were cut into a size of 0.6 cm × 0.6 cm. The saturating process was at a temperature of 37
• C, and the chemical surrounding was at pH 7.4 to simulate body surroundings.
In the test of HFG, all the samples were first saturated in an antigen solution (3 μg ml −1 fibrinogen in PBS) and incubated at 37
• C for 2 h. Then, the samples were washed with PBS (pH 7.4) and incubated with the goat anti-human fibrinogen antibody (1:2000 dilution in PBST (PBS with Tween 20)) at 37
• C for 1 h. After that, a TMB substrate (3,3 ,5,5 tetramethylbenzidine) was added as the ELISA stop reagent, and after the incubation time of 10 min, dilute sulfuric acid (H 2 SO 4 , 2.0 N) was added to terminate the reaction. Lastly, the resultant solutions were moved into 96-well enzyme label plates for testing of absorbance. The absorbance of each well was measured at 450 nm using an enzyme-labeling instrument (Multiskan MK3, Thermo labsystems, USA) and the adsorption concentrations of HFG were evaluated by optical density (OD). For the test of HSA adsorption, the testing process is similar to that of HFG adsorption. The difference is that all the samples were first saturated in a HSA solution (1:1000 dilution in PBST) at 37
• C for 2 h, and then washed by PBST again to remove the redundant antibody. Lastly, the adsorption concentrations of HSA were also evaluated by OD, the same method as the HFG adsorption test.
Results and discussion
Structure properties
To study the effects of RF power on the microstructure and surface characteristics of the ZnO thin films, the ZnO thin films were prepared at various RF powers of 50, 100, 130, 160 and 190 W, respectively, when other deposition conditions were fixed. Figure 1 shows the deposition rate of the thin films as a function of the RF power. The deposition rate increases with increasing RF power. It means that the amount and the kinetic energy of ZnO molecules arriving at the substrate increase with increasing RF power, which can affect the properties of the ZnO thin films, such as surface morphology, crystallinity and wetting properties [15, 16] . The XRD pattern of the ZnO thin films prepared at various powers is shown in figure 2. As can be seen, the ZnO (0 0 2) peak is hardly observed in the 50 W sample but can be seen easily in all the other ZnO thin films prepared at higher powers. The intensity of the ZnO (0 0 2) peak initially increases with increasing sputtering power, and then decreases when the power is higher than 160 W. These results suggest that the ZnO thin film is amorphous when the sputtering power is as low as 50 W. As shown in figure 3(a) , the peak position shifts toward larger angles with increasing sputtering power, indicating the increase in ZnO grain size and better crystallization of the ZnO thin films. Figure 3(b) shows that among the samples with obvious (0 0 2) peaks, the full width at half maximum (FWHM) decreases with increasing sputtering power, indicating a stronger texture with the c-axis. With sputtering power increasing to 160 W, the intensity of the ZnO (0 0 2) peak reaches a maximum (34.16
• ) while the FWHM falls to the minimum, suggesting the best crystallinity and structure closest to that of wurtzite (34.43
• ).
Optical band gap measurements
Figure 4(a) shows high optical transmission in the visible wavelength range determined by the transparency spectra of increasing RF power, the absorption edge moves toward longer wavelength. Compared with the ZnO thin films, the absorption edge of DLC is not sharp, and the transmittance decreases rapidly at about 650 nm. The optical band gaps of the ZnO thin films and DLC can be calculated by the Tauc relationship:
where X is 1/2 for the ZnO thin films and 2 for DLC determined from the Tauc relationship for crystalline and amorphous semiconductor material. As shown in figure 4(b) , the optical band gap of the ZnO thin films is higher than 3.2 eV and slightly increases to 3.40 eV with increasing RF power. The optical band gap of DLC is 2.0 eV and smaller than that of the ZnO thin films.
Surface and interface properties, and plasma protein adsorption
The SEM photographs of the ZnO thin films prepared at various RF powers are shown in figure 5 . The morphology of the ZnO grain is found to be continuous and the average grain size of ZnO increases with increasing sputtering power. The thin films deposited at low RF powers (50 and 100 W) show a smooth surface and uniform grains. The surface morphology becomes rough and exhibits some larger grains growing with increasing sputtering power, and the average grain sizes are about 75, 150 and 300 nm for the samples prepared at RF powers of 100, 130 and 160 W, respectively. It is speculated that zinc atoms have more opportunities to reach the substrates and result in the increase in grain sizes at higher RF powers. Our results agree with those of Hwang et al [17] . These micrographs, in combination with the results derived by XRD, suggest that the crystallinity of the ZnO films increases with the sputtering power. We believe the reason is that the increasing sputtering power enables Ar ions to bombard the target with higher energy; thus, Zn and O ions have enough energy to reach the base and achieve better crystallization. However, if the power increases too excessively (such as 190 W in our experiment), Zn and O ions will get too much energy and bombard the base strongly, which demolishes the established crystal and results in poor crystallization. Figure 6 shows the contact angles of the reference samples with different hemocompatibilities; it is seen that glass used as the positive reference exhibits hydrophilic properties, and PU used as the negative reference forms a nearly hydrophobic surface. The contact angle of the DLC film with better hemocompatibility is about 71.3
• . The contact angle images of the ZnO thin films prepared at different RF sputtering powers are shown in figure 5 . The results show that all of the ZnO thin films exhibit hydrophobic properties, and the contact angles of all the ZnO thin film samples with water exceed 90
• and increase from 90.5 to 101.0 • with increasing sputtering power. By measuring the contact angles of water and formamide on the biomaterial surface, the dispersion component γ [18] . The contact angles, surface energy components and adhesive work of the ZnO films are summarized in table 2. The results show that the contact angles and the ratio of polar to dispersive components become larger with increasing sputtering power, while the surface energy and adhesive work decrease with increasing sputtering power. In the protein adsorption test of HFG or HSA using ELISA, we suppose that the thickness of the films does not influence the amount of proteins since proteins only adsorb on the surface of the films, and the protein layer adsorbed on the surface is a monolayer due to using a lower concentration of the protein solution in our experiment. The OD used as the indirect result of protein adsorption obtained from ELISA is shown in figure 7 . Usually, the OD value represents the amount of HFG or HSA adsorbed on the surface of the sample. As shown in figure 7(a) , the OD values of HFG or HSA for the DLC and glass samples are larger than those for the ZnO thin films and the PU sample, which means that there is no selective adsorption of HFG or HSA on the surfaces of DLC and glass, especially for the glass positive sample. The OD value of HFG is significantly smaller than that of HSA for the ZnO and PU samples, indicating the surfaces of the ZnO thin films and the PU sample favor adsorption of HSA, especial in the PU negative reference. The ratio of OD values for HFG to HSA adsorption is shown in figure 7(b) ; we find that glass has the highest ratio and PU has the lowest ratio. The amount of HFG and HSA adsorption to the ZnO thin film surface decreases with increasing RF sputtering power, and the ratio of OD-HFG to OD-HSA also decreases, which means that the ZnO thin films have a stronger adsorption ability for HSA than for HFG, namely, the ZnO surface possesses selective adsorption properties for HSA and HFG. Since the interactions between protein and the surface of the ZnO thin films are very complicated, they depend not only on the composition of the thin films but also on the surface wetting behavior, surface microstructure, charge on the surface and so on.
It has been proven that the adsorption of fibrinogen promotes the adhesion and activation of platelets, whereas the adsorption of albumin does the opposite [19] . Surface wettability of the biomaterials is very important for selective adsorption of albumin or fibrinogen due to their inverse wettability behavior, which depends on the zeta potential, microstructure and surface properties such as crystallinity, grain size and surface morphology etc. Based on the contact angle and ELISA results, we may assume that the hydrophilic surface has favored adsorption of plasma proteins including HFG and HSA, but the hydrophobic surface possesses preferential adsorption properties for HSA. Usually, the hydrophobic surface has lower surface energy than the hydrophilic surface. It is beneficial to biocompatibility that a biomaterial surface possesses lower surface energy, which would have low surface activity and weaken the adherence to tissue. In our experiment, the ZnO thin films and PU present better hydrophobic properties than DLC and glass; thus, less plasma protein, especially HFG, was adsorbed on the surface. On the other hand, the plasma proteins tend to have a net negative zeta potential. Since the isoelectric points of HFG and HSA are 5.5 and 4.7-4.9, respectively, the HFG and HSA are present as negative ions when they exist in the body surroundings at pH 7.4 (human blood) [20, 21] . The pure ZnO thin films are n-type semiconductors: with the wide Thus, the electrostatic repulsion between the plasma proteins and ZnO surface reduces the surface absorption of the plasma proteins; this maybe the reason why there is less plasma protein adsorbed on the ZnO thin films than on the references of glass, PU and DLC films.
Therefore, the smaller adsorption amount of HFG or ratio of OD-HFG to OD-HSA depends on the microstructure, morphology and wettability of biomaterials, which are considered as primary factors related to hemocoagulation. However, details about biochemical reaction and model simulation need to be extensively studied for the mechanism of protein adsorption and conformational change.
Conclusion
Oriented ZnO (0 0 2) thin films with various band gaps of 3.2-3.4 eV were obtained by RF sputtering. The ZnO (0 0 2) peak of the ZnO thin films enhances, and the grain size becomes larger with increasing sputtering power. The results of protein adsorption experiments and wettability of the ZnO thin films show that all of the ZnO thin films exhibit a hydrophobic surface and the contact angle increases with increasing sputtering power. The hydrophobic surface with lower surface energy and adhesive work results in lesser plasma protein adsorption, and a smaller HFG/HSA ratio of adsorption on the ZnO thin film surface. The preferential adsorption properties of HSA for plasma proteins of blood are considered to be the primary factors related to hemocoagulation.
